INTRODUCTION
During the last decade, spectroscopy of negative ions1-3 has become increasingly important in the study of the electronic and geometric structures of negative and neutral atoms, molecules, and clusters. Until the 1980's, most spectroscopic information on anions was obtained by electron scattering
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observing various decay channels. 4 ' 5 Excited states of anions in the continuum manifest themselves as resonances in the electron scattering cross section. A manifold of resonances is found for most atoms and even simple molecules. 4 Availability of intense anion sources" 2 ' 6 now allows such "temporary negative ions" to be created directly using tunable radiation
hv+M -=(M -)*>M+e =:>M * + e -=>
This method is very similar to autoionization studies of neutral atoms and molecules which has proven to be a powerful tool for the determination of the structural and dynamical properties of atoms and molecules. 7 The high resolution of the laser radiation used for photodetachement allows observation of vibrational and rotational fine structure and determinations of lifetimes. Resonances have been observed in larger molecules, where the excited electron is bound by a permanent dipole moment of the neutral core. 8 ' 9 Recently, Smalley's group reported resonances '" with a striking vibrational structure for Au 6 -, which has no permanent dipole moment. The excited state of the anion is interpreted as a weakly bound image charge state similar to surface states known in solid state physics which decay via vibrational autodetachment. Because of the very low binding energy of the excited electron, the observed vibrational frequencies are believe to be similar to the ones of neutral ground state of Au 6 .
In this paper, we present results of studies of autodetaching resonances of Au2-. For this much simpler system, the vibrational frequencies of the anion and the neutral are well known "' 1 2 and thus the interpretation of the vibrational structure is easier. Our data suggest that Au-is undergoing a different type of autodetaching process, in which an excited electronic state of the anion decays by electronic autodetachment in a two-electron transition.
EXPERIMENTAL
The experimental setup is similar to that described in an earlier publication. " In short, charged and neutral metal clusters are produced by a laser vaporization source and, entrained in an inert carrier gas, undergo a supersonic expansion. After passing through a skimmer, the anions are accelerated by a pulsed high voltage ( -700 V) and focused into the interaction zone of an electron collector. This separates the anions into bunches of defined mass due to their differing times-of-flight. The desired bunch is irradiated by a pulse of tunable laser light and the detached electrons are extracted by a constant electrical field and detected by a channeltron. For measurements of the relative photodetachement cross section, both the anion and the laser flux have to be kept as low as possible to avoid space charge effects, power broadening, and saturation. The typical light flux is about 1 ,J/cm 2 , the photon energy resolution is better than 1 cm-' . Spectra are taken by recording the intensity of the detached electrons while scanning the wavelength of the dye laser. The electron intensity is normalized to the laser light flux. The large uncertainty of the relative intensities of resonances is mostly due to the instability of the anion intensity produced by the laser vaporization source. Spectra are averages of several scans, whereas each data point in a scan is an average of ten laser shots. The step width is 0.009 anm. Figure 1 shows a typical spectrum obtained from photodetachment of Au2-taken at a relative high photon flux ( -100 fuJ/cm ). In principle, all detached electrons irrespective of their kinetic energy (KE) should be collected with such a technique. In our particular geometry, the collection efficiency decreases slowly for electrons with > 50 meV KE since the fastest electrons can hit nearby surfaces and go undetected. In the absence of any long-lived ex negative ion state, an energetically accessible channel f rect detachement simply leads to a step increase in the electron signal, i.e., the two signal increases near 1 cm -I and 16 030 cm in Fig. 1 occur at the opening direct channels
RESULTS
respectively, as confirmed by prior measurements using electron kinetic energy (ZEKE) spectroscopy 1 ' 1 2 in m only electrons of low KE (Ekif < 1.5 meV) are colle The surprising aspect of Fig. 1 is the appearance of 4 lines on top of the fairly smooth total electron signal. A high photon flux used in Fig. 1 , the intensity ratios between the smooth signal and the individual lines are strongly perturbed due to saturation effects, but for illustrative purposes, the picture is very useful. The positions and relative intensities of these peaks measured at much lower photon flux ( -1 /uJ/cm 2 ) are listed in Table I . No other sharp features are observed in the broader range of 16 300-15 550 cm -i. We attribute the sharp features to resonances in the photodetachment cross section of Au -created by photoexcitation from the Au2-electronic ground state to different vibrational levels of an autodetaching excited state of the anion.
In order to support this interpretation, several checks were carried out: I 00 (A) In order to ensure that all electrons correspond to detachment from the dimer anion, the following tests were done: ters. In addition, we did not observe any variation in the i5 840 detachment spectra even when running the source over sevof the eral days. It has been our experience with other systems that if metals which can be oxidized are used, the oxide or water (3) impurity peaks can be seen, but they decrease in intensity with time. (4) (B) The expansion conditions were altered in order to gzero change the temperature of the dimer anions. temperature in Fig. 2(a) is known from ZEKE spectroscopy." The temperature in Fig. 2(b) is estimated with the assumption that C, D, and E are hot bands. Generally the small features A, B, C, D, E, and G increase in intensity with temperature relative to Fand H (see Table I ). At the higher temperature, all peaks show a broadening.
DISCUSSION
The relatively smooth signal which occurs over the entire spectral range is due to direct photodetachment from the gold dimer anion. Assuming an increase in electron signal at each new accessible vibrational transition, the steps at -15 840 and -16 030 cm ' are due to the onset of photodetachment from the Au-v" = 0 ground state to the v' = 1 and v' = 2 vibrational states of the neutral dimer, respectively [reactions (3) and (4) ]. In a previous study" using zero electron kinetic energy spectroscopy, the thresholds of the 1 ¢0 and 2 ¢=0 transitions were measured to be 15 831 ± 4 and 16 017 ± 4 cm -', respectively, in agreement with the position of the observed steps. The strongest hint that the observed resonances might be due to transitions into an autoionizing excited state of the dimer anion is the observation that certain spacings between the resonances coincide with the vibrational spacing of the dimer anion ground state ( 149 cm -' ). " These are, for instance, the frequencies between the resonances labeled Fand B, and between E and H. If one assumes the two strongest features (F and H) are transitions from Au,-(v" = 0) to two different vibrational levels of the excited state, the'vibrational frequency of the excited state is 128 ± 2 cm -The less intense features B, E, and G can be assigned as transitions from the v" = 1 level of the anion ground state shifted by 21 cm -' ( 149-128 cm -' ) relative to the cold bands. The features A, C, and D are at positions, where peaks corresponding to transitions from higher excited vibrational levels of the anion electronic ground state are expected. Indeed, as expected, and as shown in Fig. 2 and Table I , the relative intensities of these features (A,B,CD,EG) increase with increasing temperature of the anions.
The observation of this relative low number of features (A-H) in a narrow spectral range can be explained by assuming that the feature Fis the 0 (=0 transition and His the 1 =0 transition. The absence of a peak at 15 786 cm-' (15 914-128 cm -') is thus easily explained. F is then the lowest possible transition of the v' -z 0 series and B is the lower limit of the v' <= I series, in agreement with the observations. Alternatively, the absence of the feature at 15 786 cm -' could mean that the corresponding vibrational level is not able to decay via electron emission, but it is not very likely, because the decay by electron emission is energetically allowed (i.e., excitation is above the detachment threshold).
IfFis the 0 0, H the 1 ¢0, andB the 0 = I transition, one expects additional features at higher energies ( > 16 100 cm 1 ). The absence of features at higher energies can be explained, if one interprets intensity distribution of the resonances as a Franck-Condon pattern of a transition between electronic states with similar shapes of the potential wells and equilibrium distances. Then the Franck-Condon factor is about a factor of 7 lower for F than H. If a similar drop occurs between the 1 = 0 and 2 <'= 0 transitions, the next transition (2 =O) is likely too weak to be seen, thus accounting for its absence. However, we cannot rule out that the absence of transitions into higher vibrational levels could be due to the fact that some other decay channel such as predissociation opens up and effectively competes with a long-lived autodetaching state.
According to the prior discussion, the peaks FE, D, and C thus correspond to the transitions 0 <= 0, 1 ¢ 1, 2 ¢ 2,and 3 =3, respectively. If the equilibrium distances of the two involved electronic states are similar, the Franck-Condon factors of each of these lines should be similar and close to 1. Thus, their relative intensities should reflect the population of the vibrational levels of the electronic ground state of the anions. The temperature at normal expansion conditions is known to be 165 ± 30 K, 1 which should result in a decrease of the population going from one level to the next higher by a factor of 3.7 (AE = 149 cm-' ). This is in good agreement with the observations [ Fig. 2(a) and Table I ]. The relative intensities displayed in Fig. 2 (b) correspond to a vibrational temperature of -250 K. In addition, the resonances show a broadening, which can be explained by rotational effects.
The observed resonances can be understood as transitions into an excited state of the anion 15 905 cm -' (0z 0) above the anion ground state, but within 250 cm 1 above the threshold for production of the neutral ground state. It has a vibrational frequency of 128 + 2 cm -' and an equilibrium distance similar to the ground state of the anion. In the following, we will discuss possible excited states of Au.-within a simple orbital model.
Excited anionic states of atoms and molecules are well known as resonances in electron scattering experiments on neutrals 4 ' 5 [see reaction (1)]. There are two different types-shape resonances and Feshbach resonances. For shape resonances, the decay channel by autodetachment into the neutral parent state (ground or excited state) is energetically allowed. The electron is weakly bound in the potential of the neutral core by an angular momentum barrier.The decay occurs by tunneling of the electron through the barrier. These resonances lie above the parent state and the electron must be bound in an orbital with nonzero angular momentum. Feshbach resonances are energetically located below the parent state, i.e., the parent state must be an excited state of the neutral. A Feshbach resonance of the neutral ground state would be simply a stable negative ion. The electron is bound in the potential of the neutral with a positive electron affinity and will decay via electronic autodetachment, i.e., the neutral core relaxes into its ground state transferring the energy to the additional electron which is ejected.
Recently two other types of weakly bound metastable excited states of anions were studied by a photodetachment spectroscopy. In one case, the electron is bound by a permanent dipole moment of a molecule. 8`9 The decay occurs by vibrational autodetachment, i.e., the energy necessary for the electron ejection is extracted from the vibrational excitation of the neutral core. Resonances found approximately 50 meV above the photodetachment threshold of Au6-are interpreted as vibrational autodetachment from a surface state of this very small metal particle.' 0 In other words, the electron is bound by image charges of the metal cluster. In both cases, the electron is very weakly bound and thus its orbital is very extended. The vibrational frequencies of the negative ion are expected to be similar to those of the neutral molecule.
It is not likely,that the excited state of Au: is one of the weakly bound types for two reasons:
(a) the vibrational frequency (128 cm') is lower than that of the neutral ground state ( 190.9 cm -) 13 and even lower than that of the anion ground state (149 cm -' ); " (b) Au 2 -has no permanent dipole moment and is so small that it seems unlikely that the electron binding can be explained by classical electrostatic phenomena.
Instead we propose that there exists an electronic excited state of the dimer anion, which decays by electronic autodetachment similar to Feshbach or shape resonances. The valence states of Au-have a relatively simple structure consisting of a filled bonding X orbital and a half-filled nonbonding oa* orbital together with the two closed d shells. The three lowest excited states of Au 2 according to a simple molecular orbital picture are:
(A) Excitation of one of the bonding electrons from the filled a orbital into the half-filled a* orbital. This transition will be dipole allowed if the vr* orbital has some contribution from p orbitals (hybridization). This would also explain the relatively high electron affinity and the nonbonding rather than antibonding character of the a"* orbital. 3 This state is a Feshbach resonance, because it is energetically below its parent state which is the corresponding single electron or=> a"* excitation of the neutral. It can only decay into the ground state of the neutral by a two electron process. The removal of a bonding a electron should weaken the bonding which is usually accompanied by a decrease of the vibrational frequencies ( < 149 cm-' ). The a-ao* spacing for Cu.-and Ag 2 -is about 2 eV' 4 and is expected to be similar for Au . (C) Transition of the single electron in the nonbonding a"* orbital into a higher state, e.g., the nr -bonding orbital. the remaining core would be expected to have nearly the same symmetry as the neutral ground state. Such a state would be a shape resonance with the ground state of the neutral as the parent state. The vibrational frequencies would be expected to be similar to the neutral ground state. This behavior is found in calculations' for the 21 excited state of Cur. This type of excited state would be accompanied by an increase of the vibrational frequencies compared to ground state Au-and appears unlikely to be the correct interpretation of the observed features.
From the above consideration, the excited state is probably either a cr= a"* excitation or a d-s promotion accompanied by a decrease of the vibrational frequency. Using the terminology of electron scattering, we suggest the state is a Feshbach resonance decaying via electronic autodetachment. This is of course only a tentative assignment and elaborate calculations are likely to be necessary to obtain a better understanding of the data.
CONCLUSION
Resonances in the photodetachement cross section of Au -are explained as photoexcitation of Au -into an autodetaching excited state. The comparison of data taken at different vibrational temperatures allows a tentative assignment of the vibrational transitions. The unexpected low vibrational frequency excludes the interpretation of the excited state as an image charge bound state as proposed for Au 6 -, i.e., a weakly bound state of the additional electron with a neutral dimer in its ground state as a core. We propose that the resonances are due to electronic autodetachment from an electronic excited state of the anion, where either an electron from the d orbital or from the bonding af orbital is excited into the nonbonding oa* orbital. In both case, a vibrational frequency lower than that of the ground state neutral or anion is expected and the excitation energy would be about 2 eV. This state is entirely analogous to a Feshbach resonance in electron scattering experiments, decaying by electronic autodetachment.
